Efficient signal communication uses photons. Signal processing, however, uses an optically inactive medium, electrons. Therefore, an interconnection between electronic signal processing and optical communication is required at the integrated circuit level. We demonstrated control of exciton fluxes in an excitonic integrated circuit. The circuit consists of three exciton optoelectronic transistors and performs operations with exciton fluxes, such as directional switching and merging. Photons transform into excitons at the circuit input, and the excitons transform into photons at the circuit output. The exciton flux from the input to the output is controlled by a pattern of the electrode voltages. The direct coupling of photons, used in communication, to excitons, used as the device-operation medium, may lead to the development of efficient exciton-based optoelectronic devices.
T he advancement of signal processing and communication has led to the development of optoelectronic and all-optical circuits, which expand signal processing into an optically active medium (1, 2) . Semiconductorbased optoelectronic components are of particular interest because they can be integrated into circuits in a way similar to that of electronic integrated circuits. The advances in this direction include in particular the development of an optoelectronic transistor (3) and compact microring (4) and Mach-Zehnder (5) modulators. The latter devices have achieved switching speeds exceeding several gigahertz with active-region dimensions in the range of 10 to 100 mm (4, 5) . The development of optoelectronic devices with still smaller dimensions is attractive because this would permit a high packing density, one of the key advantages of electronic integrated circuits.
Excitons, bound pairs of electrons and holes, have been used in the development of semiconductor-based optoelectronic devices, which utilize an optically active medium. The optoelectronic devices operating with excitons include modulators (6) , storage devices (7, 8) , field-gradient devices (9, 10) , and transistors (11) . Yet, integration of these optoelectronic devices into circuits, a crucial requirement for signal processing, has remained an open challenge. We demonstrated an excitonic integrated circuit (EXIC), which can be used to perform operations on photonic signals such as switching and merging.
Because an exciton can be described as a hydrogen-like bosonic particle (12) , the control of exciton fluxes opens a pathway to the study of excitons in controllable potential profiles-a bosonic counterpart of electronic mesoscopics, the field concerning electron transport in potential profiles.
Exploiting excitonic transport in devices requires the ability to control the exciton energy by an applied gate voltage, and also requires a sufficiently long exciton lifetime so that the excitons can travel over large distances exceeding the device dimensions. A regular exciton is a neutral particle without a built-in dipole moment. It is therefore only weakly sensitive to an applied electric field. Furthermore, its lifetime in a direct-gap semiconductor is typically less than a nanosecond, allowing it to travel only a small distance before it recombines. It is of particular interest to study the mesoscopics of cold excitons analogously to the mesoscopics of electrons, in which interesting physics emerges at low temperatures. However, the same rapid electron-hole recombination, which does not allow regular excitons to travel over large distances, also does not allow them to reach low temperatures within their short lifetime.
An indirect exciton is composed of an electron and a hole, which are confined in spatially separated layers and can be formed in coupled quantum wells (CQWs) (Fig. 1A) . The indirect excitons in CQWs are dipoles, with the dipole moment close to the distance between the QW centers (d). Therefore, an electric field F z perpendicular to the QW plane results in the exciton energy shift dE = eF z d (Fig. 1B) . The laterally modulated electrode voltage V(x,y) creates a laterally modulated electric field F z (x,y) and, in turn, a lateral relief of the exciton energy dE(x,y) = eF z (x,y)d º V(x,y)d. Shaping of V(x,y) by an appropriate patterning of electrodes allows the creation of virtually any required inplane potential profiles for excitons. Particular cases include potential gradients (9, 10), onedimensional (13-16) and two-dimensional (17) lateral lattices, and traps (17) (18) (19) . Furthermore, changing the applied electrode voltage V(x,y) allows the in situ control of the in-plane potential on a time scale much shorter than the exciton lifetime (11) .
Because of the spatial separation between the electron and hole layers, the lifetime of the indirect excitons exceeds by orders of magnitude the lifetime of regular excitons and varies typically from 10 ns to 10 ms. The indirect excitons can travel over large distances of tens and hundreds of micrometers within their lifetime (9) (10) (11) (20) (21) (22) (23) (24) , distances for which devices can be readily patterned.
Furthermore, because of their long lifetime and high cooling rate (25) , the indirect excitons can cool to low temperatures close to the lattice temperature. Previous studies (26) have shown that the temperature of indirect excitons (T X ), exceeds the lattice temperature (T L ) by only a few kelvin in the area of the laser excitation. In this work, the experimental data were taken at T L = 1.4 K. For this lattice temperature, T X~3 K in the laser excitation area (26) . In the course of exciton transport to a few micrometers away from the laser excitation area, the indirect excitons can cool down even further and essentially reach the lattice temperature (26) . In the temperature range of a few kelvin, the exciton thermal de Broglie
(where ħ 2 is the Planck constant, m is the exciton effective mass, and k B is the Boltzmann constant) and the exciton coherence length approaches a micrometer (27) , length scales that are not much smaller than the device size (Figs. 1 to 3 ). This relation between the lengths is typical for mesoscopic devices. Although the ability of indirect excitons to cool to low temperatures is not necessary for optoelectronic applications, it makes them useful for studying the mesoscopics of bosons.
Devices based on excitons can only be operational at temperatures in which the excitons exist. This temperature range is determined to be roughly below E X /k B , where E X is the excitonbinding energy (28) . For indirect excitons formed in a Al 0.33 Ga 0.67 As/GaAs CQW structure with d = 12 nm, E X /k B is on the order of 40 K (29) . However, E X can be varied by choosing different semiconductor materials and different structure parameters. For instance, in wide-bandgap semiconductor materials, E X /k B approaches the room temperature. The operation temperature is also limited by the possibility of spatial separation of electrons and holes by the applied electric field:
The energy eF z d should be higher than k B T [in the sample described in this paper, eF z d reached 50 meV; that is, eF Z d/k B~6 00 K (Fig. 1B) ]. Efficient device operation requires high-quality samples with a low, nonradiative recombination rate.
We built an EXIC that consisted of three exciton optoelectronic transistors (EXOTs). The EXIC was realized in a Al 0.33 Ga 0.67 As/GaAs CQW structure (30) . Both the operation principle and geometry of the EXOT mirror those of an electronic field-effect transistor (FET) The exciton emission rate can be controlled by F z , and therefore the optical readout can be driven by applying a voltage pulse to the output electrode; however, this was not used in the demonstration described here. The emission image for one of the EXOTs in both the off state and on state is shown in Fig. 1, D and E, respectively. Figure 1F shows that the on/off ratio of the signal integrated over the output exceeds 30. The distance between the source and drain for the EXOT is 3 mm (limited by the resolution of the lithography used for the sample processing). The EXOT spatial dimensions may be able to be reduced below 1 mm, thereby permitting a high packing density, one of the key advantages of EXICs.
The device geometry allows the construction of EXICs. For instance, a drain of one EXOT can serve as a source of another EXOT. Figure 2 describes the integrated circuit, in which three EXOTs have a common electrode and form the geometry of a three-beam star. This excitonic integrated circuit can perform several operations with the exciton fluxes, which are determined by the patterns of the exciton photoexcitation and the electrode voltage.
The first scheme in Fig. 2 demonstrates the directional switching of the exciton flux. The excitons are photoexcited at the input of the top EXOT (electrode 1) and travel to the left and right paths (electrodes 2 and 3, respectively) because of the potential energy gradient, which is created by the voltages on electrodes 1 to 4. The exciton flux is controlled by the voltages on the gate electrodes V g1 , V g2 , and V g3 , as demonstrated in Fig. 2B . Opening the right gate and closing the left gate directs the exciton flux to the right path, whereas exchanging V g2 and V g3 switches the flux direction. The exciton fluxes are visualized by the exciton emission. Figure 2E shows that the on/off ratio of the excitonic directional switch exceeds 50. The typical transported exciton density, estimated from the exciton energy shift [as in (26) , where S is the area of the exciton cloud at the region of the output electrode.
The second scheme in Fig. 2 demonstrates the directional switching of the exciton flux in a star geometry (Fig. 2C) . The excitons are photoexcited at the common electrode at the center of the circuit and travel to the top, left, and right paths because of the potential energy gradient, which is created by the voltages on electrodes 1 to 4. The exciton flux is controlled by V g1 , V g2 , and V g3 , which open or close the corresponding path. Figure 2 demonstrates the directing of the exciton fluxes to three paths (Fig. 2, C2 ), two paths (Fig. 2, C3) , and one path (Fig. 2, C4) .
The third scheme in Fig. 2 demonstrates the merging of the exciton fluxes (Fig. 2D) . The excitons are photoexcited at electrodes 2 and 3 and travel toward the top electrode because of the potential energy gradient, which is created by the voltages on electrodes 1 to 4. The exciton fluxes from the left and right arms are controlled by V g2 and V g3 , respectively. The two fluxes flow to the top separately when only one of the paths is open (Fig. 2, D2 and D3) and are combined when both paths are open (Fig. 2, D4 ). When both paths are open, the circuit implements the optoelectronic sum operation for the exciton fluxes (Fig. 2, D2 to D4). Figure 2F shows that the excitonic flux merger performs the sum operation with a high accuracy: The experimental combined signal integrated over the output is within 5% of the sum of the signals from the left and right paths. The circuit can also implement the all-optical logic AND gate with a one set at a higher level, which is achieved by the combined input signals from both paths (P output-1 ≈ P left + P right ), and a zero set at a lower level, which cannot be achieved by the left or right input signal separately (P output-0 < P left + P right ).
The exciton energy as a function of coordinate is presented in Fig. 3 . The images demonstrate the excitons' drift down the potential energy gradient created by the pattern of electrode voltages. Previous studies have shown that, in this temperature range and in the presence of a potential energy gradient, exciton transport in a CQW structure can be described by drift and diffusion (26) .
The circuits perform electronic operations on excitons, which can also be viewed as electronic operations on photons using excitons as intermediate media. Our device operates as a directional switch, star switch, and flux merger. The direct coupling of photons, used in communication, to excitons, used as the device operation medium, may lead to the development of efficient exciton-based optoelectronic devices. The demonstrated control of exciton fluxes opens the possibility of studying excitons in controllable potential profiles. Virtually any in-plane potential relief can be created for excitons by the appropriately designed voltage pattern, including, for instance, traps, quantum point contacts, conveyers, and lattices. Fig. 2, B4. www.sciencemag.org SCIENCE VOL 321 11 JULY 2008 
